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T-beams are acknowledged as economic and efficient structural members widely used for floor slab construction systems. In many cases, according to practice in some countries, the beams do not present transverse reinforcement, and their shear strength is governing for dimensioning the width of the web. Although experimental investigations have shown that the presence of the compression flange enhances the shear capacity with respect to equivalent rectangular cross sections, most current design codes neglect this phenomenon, which leads to the overdesign of these members. In this paper, the role of the compression flange of slender T-beams with concentrated loads is investigated with reference to its influence on the shape of the critical shear crack and to the associated shear transfer actions (STA) of the beam. The flanges are considered elements that allow the smearing of applied loads over a certain length of the web. This consideration, in combination with the mechanical model of the Critical Shear Crack Theory (CSCT), allows a consistent treatment of the phenomenon and leads to simple design expressions accounting for the role of flanges. The results of the proposed model are compared together with design codes (Model Code 2010, Eurocode 2, and ACI 318-11) and other shear design approaches to a database of 239 beams on T-shaped members. The comparison shows that the role of flanges is finely accounted with the proposal based on the CSCT, leading to consistent agreement and to strength predictions that are more suitable for design purposes than the other investigated design models.
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| INTRODUCTION
Concrete T-beams without shear reinforcement have been widely used in order to build concrete ribbed slabs or beamand-block floors [1] [2] [3] [4] and are still used today as an economic and efficient construction system in many countries. 3 The use of this cross section without web reinforcement is normally related to structural floors, in which rows of T-beams are arranged at a given spacing ( Figure 1a ). The main purpose of this system is to remove concrete in the tension zone of the section, thus reducing the self-weight of the structure. Other structural floors are also equivalent to the structural behavior of T-beams as waffle or filler slabs (also called two-way ribbed slabs, Figure 1b ). It can be noted that torsional effects are not governing for these members as torsion is taken by differential bending when two or more ribs are available (Figure 1a ,b) instead of uniform torsion by each web. The beneficial effects of the compression flange of a T-beam on the shear strength of members without transverse reinforcement is well acknowledged since early concrete research 1 and has particularly been investigated since the 1970s. 5, 6 On that basis, several authors have published different approaches to assess the increase of shear strength due to the compression flange in a T-beam with simple design equations. [5] [6] [7] [8] [9] [10] [11] [12] [13] Most of these approaches deal with a shear-effective area, assuming that the area of the flange effective for increasing the shear strength is only uncracked and closer to the web. Figure 2 summarizes some relevant approaches of the shear-effective area of the compression chord in T-beams. [5] [6] [7] [8] [9] [10] [11] [12] [13] In most cases, the shear strength of the element is the result of multiplying this shear-effective area by an average nominal shear stress. However, most of the current codes do not take into account the beneficial effect on the shear strength due to the flange in a T-beam, even though its beneficial role is in some cases explicitly acknowledged. 14 
| SHEAR TRANSFER ACTIONS IN REINFORCED CONCRETE MEMBERS AND PECULIARITIES OF T-SHAPED MEMBERS

| Shear transfer actions in T-beams
Shear transfer actions (STA) in beams without shear reinforcement and a rectangular cross section have been summarized recently by Fernández Ruiz et al. 15 These actions are normally classified into beam STA (Figure 3a , where the internal level arm remains constant) and the arching action (Figure 3f , where the lever arm varies). The three beams' STAs are normally named as cantilever action (Figure 3b ), aggregate interlock (Figure 3c ), doweling action (Figure 3d ), and residual tensile strength of the concrete ( Figure 3e ). As discussed in References 15 and 16, the activation of the various STA depends a great deal on the critical shear crack pattern and its associated kinematics. With respect to T-beams without transverse reinforcement, the critical shear crack pattern observed is slightly different to the one observed at a rectangular section beam. Figure 4 shows, for instance, two representative crack patterns of T-beams without transverse reinforcement, reported in References 17 and 18. Both specimens failed in shear but with a different shape of the critical shear crack. The former (Figure 4a ) developed a diagonal shear crack that continued as a delamination crack at the flange interface and provoked a bending mechanism in the flange. In the latter (Figure 4b ), the diagonal shear crack at the web continued on the contrary as an inclined crack in the flange and also in the second one. For both cases, a vertical crack can be observed With respect to the bending of the flange, Figure 5 shows the measurements of two gauges on the flange and the crack evolution of one specimen tested by Ribas and Cladera. 4 It can be observed that prior to shear cracking (Figure 5c ), both top and bottom gauges of the flange measured compression strains. As the load increased, the crack developed in an inclined manner (Figure 5d ). It can be noted that the top gauge measured a reduction of the compression strains (Figure 5a ), and eventually, tensile strains were measured near failure (Figure 5e ). This agrees with the development of a flexural crack observed in Figure 4 .
The STA that get involved in a T-beam are essentially the ones shown in Figure 3 . Some differences, however, exist that can be explained through the analysis of the critical shear crack pattern in relation with the STA. 4, 11, 18, 22, 23 For instance, Figure 6a ,b shows the critical shear crack pattern in its initial state, which starts from a bending crack and extends to approximately the neutral axis of the section. This behavior is similar for both types of beams, with rectangular cross section ( Figure 6a ) and T-beams ( Figure 6b ). As the load increases, a second branch of the critical crack develops above the neutral axis. This branch becomes flatter due to a failure of concrete tension tie in Figure 6a . 16 This phenomenon can also be explained by a combination of stresses as described, for instance, by Park et al. 24 This behavior occurs similarly for both beams, with rectangular section (Figure 6c ) and T-beams, until the crack reaches the soffit of the flange (Figure 6d ). In fact, for T-beams with large flanges, this crack develops horizontally (at the interface of the flange) as this corresponds to the weakest region of the tension tie ( Figure 6d ). Following the formation of the delamination crack, the concrete flange remains uncracked. This allows for the development of the pure arching action (Figure 3f ) or even of the strut-and-tie model, with the elbow-shaped strut described by Muttoni and Schwartz 25 shown in Figure 6f . This latter model allows deviating the inclined concrete strut by activating tensile forces in the concrete (or in the longitudinal reinforcement in the flange if present) and is consistent with measurements of the strains on the upper face of the T-beams, tested by Swamy et al 17 and
Ribas and Cladera 4 as previously discussed ( Figure 5 ).
Failure of T-beam and the collapse of this STA occur simultaneously. The collapse of the latter can be caused by failure of the concrete of the flange in tension (Figure 6f ). 10 Some authors, that is, Zararis et al, 11, 26 also relate the failure to a strut-and-tie model similar to the one shown in Figure 6g , where dowel action is required. These two strut-and-tie models can explain the critical shear crack patterns reported by It is also interesting to note that the strut-and-tie models showed in Figure 6f ,g neglect the aggregate interlock in the inclined branch of the critical shear crack in the web. This fact is consistent with the experimental measurements of the critical crack width reported before shear failure: by Kotsovos et al for T-beams with a very high amount of longitudinal reinforcement, 23 and by Ribas and Cladera for elements with a section similar to a T ( Figure 5a ) and very low amount of longitudinal reinforcement (concentrated in a prestressed and precast joist) 4 , where high crack openings were measured in both researchs.
| Influence of the shear slenderness on T-beams
With respect to the influence of shear slenderness on rectangular concrete members, two different responses have traditionally been acknowledged: 27 beams with shear span to depth ratio a/d lower than approximately 2.5 are capable of carrying partially the load by direct strut (arching action) as illustrated in Figure 3f (where a is the shear spam, and d is the effective depth). For rectangular beams with higher shear span to depth ratio, arching action is no longer governing, and beam STA (Figure 3a) control the shear strength. 15 This change of the governing model can be observed, for instance, in the results of a test campaign carried out by Swamy et al 17 and illustrated in Figure 7 , where an abrupt change in the slope of the curve occurs at a value a/d ≈ 2.5. With respect to T-beams, this change in the governing STA is also observed. However, in this case, the crack pattern (with the delamination branch Figure 6f ) allows arching action to develop for more slender members than those with a rectangular cross section.
Therefore, as it can be seen experimentally in Figure 7 , the ratio a/d related to the change of the governing model in T-beams is higher (closer to 4) than for an equivalent rectangular cross-section beam. This implies that the bottom of Kani's valley is shifted with respect to beams with a rectangular section, from a/d ≈ 2.5 to a/d ≈ 4. 28 A physical justification for this experimental observation will be discussed later in this paper.
| SHEAR DESIGN OF T-BEAMS BASED ON THE CRITICAL SHEAR CRACK THEORY
As a result of what has been illustrated in Figures 6 and 7 , the ratio h f /d, where h f is the depth of the flange, is essential to evaluate the shear strength of a T-beam. In the following sections, this will be investigated by using the mechanical model of the Critical Shear Crack Theory (CSCT). 15 
| Brief description of the CSCT
The CSCT is a rational approach to assess the shear strength of the slender concrete members without shear reinforcement. 15, 16 The CSCT claims that the plasticity-based solutions with an inclined compression strut-carrying shear (Figure 3f ) overestimate the shear strength when a critical shear crack develops through the theoretical strut. The CSCT takes into account the different STA presented in Figure 3 by assuming different contributions for each based on the shape of the critical shear crack and its associated kinematics. It is shown by means of analytical integration of the stresses that the shear strength at failure depends on the opening, roughness, and fracture energy properties of the critical shear crack. 15 For rectangular-reinforced concrete beams without shear reinforcement, the width of the critical shear crack w is estimated proportionally to a reference longitudinal strain ε (see Figure 8a ,b) times the effective depth of the member d.
This relation was used to derive a failure criterion according to the following expression 15 see Figure 8c :
where f c is the concrete compressive strength, d g0 is a reference size of (16 mm), and d g is the maximum aggregate size (in mm). The principal aspects of the CSCT failure criterion and of the analytical integration of the stresses developed at the critical shear crack have been summarized elsewhere. 15 The theory has been shown to account for the different potential STA providing consistent treatment of strain and size effects. It has also been demonstrated 15 to be consistent with the size effect law, 29 providing a smooth transition between limit analysis and linear elastic fracture mechanics.
| Extension of the CSCT to T-beams
In order to evaluate the interaction between the web and the flange of a T-beam without transverse reinforcement subjected to point loading, an approach similar to the one presented by Rupf et al 30 for T-beams with transverse reinforcement will be followed (similar derivations apply to other loading cases). However, the approach originally proposed by Rupf et al 30 refers to beams with transverse reinforcement and thus, its basic assumptions have to be generalized to this case (members without stirrups). In the following, the T-beam is considered composed by two different elements as shown in Figure 9a ,b. The first is the web of the beam, and the second element is the flange outside the web. The compression flange is considered a beam where the deflections δ are governed by bending, neglecting the deflection produced by shear forces and assuming a constant stiffness EI f along ξ (where E is the modulus of elasticity of concrete, I f is the inertia of the outer part of the compression flange-referred as the flange hereafter-and ξ is the longitudinal axis as they are defined in Figure 9b,c) . Therefore, the relation between the load applied to the flange and the deflection δ can be expressed as:
where q f is the distributed force applied by the web to the flange (Figure 9c,d) . However, the web will be considered a beam where deflections will be governed by both bending and shear. A constant shear and bending stiffness of the web will be assumed as GA w and EI w , respectively, where G is the concrete shear modulus, and A w and I w are the inertia and the area of the web as it is defined in Figure 9c , respectively. Consequently, the deflection δ of the web can be expressed as:
where q w is the distributed force applied by the flange to the web (Figure 9d ). According to Rupf et al, 30 in the region of the beam cracked in shear where load transfer occurs between the flange and the web, the stiffness of the web is mostly governed by its shear deformation (the validity of this assumption 30 was based both on test measurements on seven As the equilibrium of forces must be satisfied for each section (q w = q f ), by using these Equations 3 and 4:
The deflection δ can consequently be obtained from the solution of the differential Equation 5: 
with four constants (c 1 -c 4 ) and a factor λ defined as:
The four constants in Equation 6 can be obtained by considering four boundary conditions along the shear span a. According to Figure 9b ,c, the following boundary conditions are assumed:
• No deflection at ξ = 0: δ(0) = 0.
• No rotation at ξ = 0: δ'(0) = 0.
• No curvature at ξ = a: δ"(a) = 0.
• Vertical equilibrium at ξ = a:
where V is the shear force imposed. By introducing the boundary conditions into Equation 6, the deflection can be calculated as:
where
The distributed vertical load q f that is transferred from the flange into the web (see Figure 9c) is based on Equation 6 of the deflection δ and can be calculated as:
And the shear force at the flange V f can thus be calculated as: Figure 9d shows the resulting vertical load q f transferred between the flange and the web as well as the shear force in the flange V f associated with this load. Although the load q f takes a variable value along ξ, it can be assumed, in order to simplify the flange-web interaction, that the load transmitted between the flange and web is constant q f,ave along the length c f . 30 This constant load results in a linear for the law shear force V f,ave , as shown in Figure 9d . Assuming, according to Ruft et al, 30 it occurs that the average load q f,ave is half of the maximum value of the variable load q f (that takes place at ξ = 0), the value of the load q f,ave can be calculated as:
Due to the fact that at ξ = 0, the shear force of the flange is maximum (V f,max , see Figure 9d ), and in order to ensure that the area of q f,ave is equal to the area of q f , the length c f can be calculated as:
Note that the length c f , assumed by simplifying a constant contact force between the flange and the web, is shorter than the actual one. This fact will lead to conservative results on the role of the flange as it will be shown later. For common values of the product λÁa, B approaches 1/λ. Therefore, by substituting B = 1/λ in Equation 13 , c f can be calculated as:
With respect to the parameters of Equation 14, the bending stiffness of the flange can be calculated as (uncracked flange according to Figure 6d ):
whereas the shear stiffness of the web can be expressed as:
where E c is the modulus of elasticity of concrete, ν is the Poisson's ratio, b and b w refer to the widths of the flange and the web, respectively, and h f and h refer to the flange depth and the total depth, respectively (see Figure 9b) . The parameter k w refers to the loss of stiffness due to web cracking This term is usually referred to as the "shear retention factor" in the literature. Values for this factor may vary depending on the structural problem (slabs subjected to torsion and bending, panels subjected to in-plane forces) and degree of cracking. In this work, the approach presented in References 31 and 32 will be followed due to its applicability to the problem and consistency with the assumptions of Rupf et al. 30 Thus, in the following, a constant value k w = 1/12 will be adopted. 31 Substituting Equations 15 and 16 into Equation 13 , and assuming d = 0.9Áh, one can obtain:
As a result from the web-flange interaction, the section with maximum shear force is shifted by a length c f toward the support (Figure 9e) . Consequently, the linear increase on the shear force inside the distributed load region is faster than the parabolic decrease of the bending moment, and the section outside the load region is thus governing. Therefore, the control section of the CSCT (Figure 8a) should also be shifted by the same length. In the following, the control section in the CSCT for T-beams will be located at a distance d/2 + c f of the point load. It can be noted that in case b is equal to b w (rectangular beams), c f will be equal to 0. Thus, a rectangular beam will be only a particular case, and the transition between T-beams and rectangular beams is smooth. The simplicity of use of the CSCT is thus retained, and the only modification of the analysis is the shift of the control section by a distance c f .
For usual shapes of T-beams, the range of the ratio c f /d is between 0 and 1.8. The ratio c f /d for the dimensions of the test campaign conducted by Swamy et al, 17 whose results are shown in Figure 7 is, for instance, 0.88. It can be noted that if this value of c f is plotted in Figure 7 , it agrees well with the shift of the intersection vertex of Kani's valley between rectangular beams and T-beams. This is logical as the clear shear span of the web is reduced by the distributed load acting in the web as previously explained (Figure 9e ). These conclusions are also supported if the loadcarrying actions are investigated by means of equilibriumbased models. As Figure 10 shows, the inclination of the strut carrying shear to the support is different when a point load or a distributed load is applied.
The angle of the strut corresponding to a point load (β R , related to the beams with rectangular cross section) is:
whereas the angle of the strut for a distributed load (β T , related to the T-beams) satisfies the following relationship:
Therefore, the strut associated with a distributed load is always steeper than that associated with a concentrated load. Consequently, beams loaded with a distributed load exhibit a behavior similar to that of beams with concentrated loads and shorter shear spans. 33 
| EXPERIMENTAL VERIFICATION
This section presents a comparison of different shear design models and the proposal based on the CSCT previously introduced with available test data on T-beams without transverse reinforcement. Other than the CSCT, the following shear design models have been used: Model Code 2010, 14 Eurocode 2, 34 and ACI-318, 35 as well as the model developed by Mari et al 36 and its extension for T-beams. 38 Therefore, 239 beams of the abovementioned campaigns have been collected. From these specimens, only 147 elements have been selected for analysis following the selection criteria given below:
• The beams present a compression flange.
• The beams have a shear failure reported or have not reached the 99% of the theoretical bending plastic moment (in order to avoid shear failures after yielding of the flexural reinforcement).
39
• The beams that have a shear span of a ≤ 2.5d + c f have been removed in order to evaluate only slender members (refer to Figure 7 ).
FIGURE 10
Geometrical comparison between a direct strut developing for a point load and a linear-parabolic strut developing for a distributed load over a distance c f . Table 1 and Figure 11 show the comparison of measured-to-predicted shear strengths V test /V calc for the different design models. Table 1 provides the average, median, standard deviation, coefficient of variation, minimum, 1% percentile, 5% percentile, 95% percentile, 99% percentile, and maximum value of the ratios V test /V calc . In addition, the bottom of the Table 1 shows the demerit point evaluation according to Collins. 40 The proposed model based on the CSCT gives fairly accurate predictions, with a very low value of coefficient of variation (13.2%). It can be noted that this value is similar to that of the CSCT for rectangular beams, 16 which implies that the modifications introduced are consistent with the original formulation and do not introduce additional scatter. The CSCT predicts the shear strength better than the other proposals. In addition, the demerit point analysis 40 ranks the proposal as the best for shear design purposes, followed by the Eurocode 2, the Mari et al's model, the Model Code 2010, and the ACI-318.
The correlation between the shear strength observed at tests and the shear strength predicted for the 147 beams is compared in Figure 11 to the different models in terms of the ratios: a/d, h f /d, and ρ l = A s /(b w Ád). It can be observed that the Eurocode 2 and the ACI predictions have a large scatter of ratios of a/d lower than 4 and of ratios h f /d higher than 0.37. The reason for these disagreements is related to the fact that these shear design procedures do not account explicitly for the role of the flanges (leading to safer predictions for larger longitudinal reinforcement ratios or flanges).
However, the predictions made by the Model Code 2010, by Mari et al's model, and by the CSCT proposal do not clearly show these trends as they account for the role of the flanges.
| CONCLUSIONS
The present paper investigates the behavior and strength of T-beams without shear reinforcement. Its main conclusions are:
1. Through the analysis of cracking patterns and kinematics at failure, it is justified that the STA of T-beams are beams with a rectangular cross section remain a particular case. 
